The qualitative relationship between carcinogenicity and mutagenicity (DNA-damaging activity), based on chemicals which are known to be or suspected of being carcinogenic to man and/or to experimental animals, is analyzed using 532 chemicals evaluated in Volumes 1-25 of the IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Humans. About 40 compounds (industrial processes) were found to be either definitely or probably carcinogenic to man, and 130 chemicals have been adequately tested in rodents and most of them also in various short-term assays. For a comparison between the carcinogenicity of a chemical and its behavior in short-term tests, systems were selected that have a value for predicting carcinogenicity. These were divided into mutagenicity in (A) the S. typhimurium/microsome assay, (B) other submammalian systems and (C) cultured mammalian cells; (D) chromosomal abnormalities in mammalian cells; (E) DNA damage and repair; (F) cell transformation (or altered growth properties) in vitro.
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The following conclusions can be drawn. In the absence of studies in man, long-term animal tests are still today the only ones capable of providing evidence of the carcinogenic effect of a chemical. The development and application of an appropriate combination of short-term tests (despite current limitations) can significantly contribute to the prediction/confirmation of the carcinogenic effects of chemicals in animals/man. Confidence in positive tests results is increased when they are confirmed in multiple short-term tests using nonrepetitive end points and different activation systems. Assays to detect carcinogens which do not act via electrophiles (promoters) need to be developed. The results of a given short-term test should be interpreted in the context of other toxicological data. Increasing demand for quantitative carcinogenicity data requires further examination of whether or not there is a quantitative relationship between the potency of a carcinogen in experimental animals/man, and its genotoxic activity in short-term tests. At present, such a relationship is not sufficiently established for it to be used for the prediction of the carcinogenic potency of new compounds.
There is increasing evidence to suggest that DNA damage (expressed mainly as mutations) is involved in the induction of many cancers; however, the relevance of the various biological end points used in short-term assays to mechanisms of tumor induction is not known precisely. All test procedures must therefore be validated before they can be used to predict the carcinogenicity of chemicals. Ideally, such validations would be based on correlations between responses in short-term tests and data from epidemiological studies in humans. (27) (Table 1) . Among the latter are seven industrial processes (the manufacture of auramine, chromate-producing industries, hematite mining, the manufacture of isopropyl alcohol, nickel refining, boot and shoe manufacture and repair, and the furniture/cabinet-making industry). For these processes, no direct correlation can be made between data for humans and for experimental animals, because the identity of the agent(s) responsible for the carcinogenic effect in humans is unknown. The remaining 15 compounds were also found to be carcinogenic in one or (mostly) several experimental animal species. Results of a recent long-term carcinogenicity test of benzene point to its carcinogenicity in rats (28) . Results of carcinogenicity tests on arsenic were negative, although there is sufficient evidence that arsenic compounds induce skin and lung cancer in humans.
An additional 18 compounds were considered as probably carcinogenic to humans (Table 2) . While the carcinogenicity to humans of the previous group of chemicals and industrial processes could be assessed exclusively on the basis of epidemiological data that provided sufficient evidence of a causal relationship, the carcinogenic risk of this second (36) Mutations, gene conversion and mitotic recombinations Neurospora crassa (37) Adenine auxotrophs Drosophila melanogaster (38) Recessive (58, 59) aThese tests were selected on the basis of data which indicate: their sensitivity in dectecting several classes of carcinogens and of discriminating between carcinogens and noncarcinogens or their unique capability to detect particular classes of carcinogen or promoting agent. This list is not exhaustive and the degree to which these tests have been validated varies widely. comparability with carcinogenicity data obtained in vivo (59, 60 The test systems considered either incorporate some aspects of mammalian metabolism, e.g., by adding a microsomal fraction of rodent or human liver in vitro or by using metabolically competent rodent cells, or involve activation in vivo, as in the host-mediated assay in intact mammalian organisms and in the test in Drosophila melanogaster (Table 3) . Because of its efficiency, low cost and rapidity, the Salmonella/microsome test has been used most extensively; it therefore also has been most extensively validated, and 30 identified and suspected human carcinogens have been assayed (Tables 4 and 5 Of the possible human carcinogens (Table 5) , amitrole, carbon tetrachloride and polychlorinated Table 3 ; classification refers to test systems grouped in Table 3 .
bConjugated estrogens and industrial processes, i.e., hematite mining, manufacture of isopropyl alcohol, nickel refining, boot and shoe manufacture and repair, and furniture and cabinet-making industries, have been omitted, since no results from short-term tests were available.
cClassified as a human carcinogen by a working group at IARC, Lyon, October 1980. and from references in Table 3 ; classification refers to test systems grouped in Of the chemicals evaluated in the first 25 volumes of the IARC Monographs, 130 had "sufficient evidence" of carcinogenicity in experimental animals ( Table 6 ). According to the criteria, in the absence of adequate human data, chemicals for which there is sufficient evidence of carcinogenicity in laboratory animals should be regarded, for practical purposes, as if they presented a carcinogenic risk to humans. The use of the expressions "for practical purposes" and "as if they presented a carcinogenic risk" indicates that the correlation between the experimental data and possible human risk was not made on a purely scientific basis, but rather in an attempt to provide regulatory bodies with one of the elements on which priorities in the formulation of preventive measures can be based.
As shown above, there is a good empirical correlation between epidemiological and experimental data, and experimental data may predict a qualitatively similar response in humans; however, this correlation cannot be used to predict quantitative variations in the responses of different species. We are still a long way from the possibility of making scientifically acceptable direct extrapola- Panfuran-S 24 77 Phenazopyridine and its hydrochloride 24 163 Phenoxybenzamine and its hydrochloride 24 185 Ponceau MX Zinc chromate 23 215 aExcluding those chemicals associated with cancer induction in humans listed in Tables 1 and 2. tion from experimental data to the human situation.
We are even further from an extrapolation to human risk from experimental situations, such as those occurring with short-term tests, which do not have the production of tumors as their end point. The number of chemicals which have been definitely recognized or are suspected of being carcinogenic to humans is too small (Tables 4 and 5 ) to provide a basis for validation of short-term tests. At present, objective judgment of the value of mutagenicity tests for predicting the carcinogenicity of chemicals must perforce be based on comparison with the much larger number of chemicals shown to be carcinogenic (or noncarcinogenic) in experimental animals.
The selection of such chemicals (or classes of chemicals) for validation studies is biased by the fact that it is limited to those for which carcinogenicity data are available. Moreover, the number of chemicals for which there is adequate evidence of noncarcinogenicity is very small. Thus, the empirically established predictive value of shortterm tests (31, 62, 65) is clearly influenced by the quality of the animal data used as a standard for the validation. The level of correlation between results from mutagenicity or other screening tests and those from animal bioassays can thus most reliably be examined by testing chemicals for which there is sufficient evidence of carcinogenicity in animals ( Table 6 , excluding those listed in Tables 1 and 2 ). Of these, two-thirds (85) have been tested in tne Salmonella/microsome mutagenicity test, and 79% (67/85) were found to be mutagenic. Those which were not mutagenic in the Salmonella/microsome plate test were actinomycins, benzyl violet 4B, beryllium sulfate, chloroform, 1,2-dimethylhydrazine, 1,4-dioxane, ethinylestradiol, lead acetate, hexamethylphosphoramide, nafenopin, N-nitrososarcosine (tested in the host-mediated assay using Salmonella), 17 ,-estradiol, estrone, safrole, sodium saccharin, thioacetamide, thiourea and urethane.
Some of the reasons for production of falsenegative results by certain carcinogens in bacterial mutagenicity tests have been discussed in detail (66) . In the case of 1,2-dimethylhydrazine, such results may be attributable to inadequacies in the in vitro metabolic activation system currently used, since this compound was mutagenic in the hostmediated assay (67) . Similarly, those chemicals such as mitomycin C, which produce mutations in eukaryotic organisms only, e.g., by interference with functions that are not present in prokaryotes, would also be missed in bacterial mutagenicity tests. Certain classes of compounds, however, may not be detectable as mutagens, even with improvements in in vitro activation systems of increased sensitivity of genetic indicator organisms; these appear to include sex hormones, thyroid-active compounds, tumor promoters and physically acting agents. As emphasized above, it is essential to develop short-term assays that can detect agents which are definitely carcinogenic in animals but which probably do not act via electrophilic intermediates.
Quantitative Correlations between the Carcinogenic and Mutagenic Activity
Published studies that have examined a possible quantitative correlation between carcinogenicity in vivo and mutagenicity in vitro include those of Meselson and Russel (68) , who calculated the carcinogenic potency of 14 chemicals as the TD50 (the daily dose of a carcinogen which gives a 50% incidence of cancer in rodents after two years' exposure). Mutagenic activity was determined from results in the Salmonella/microsome test, using the most sensitive bacterial strain. In a double logarithmic plot of mutagenic and carcinogenic activity, most of the compounds showed a linear correlation, with the notable exception of several N-nitroso compounds. Clive et al. (44) reported correlation studies on 25 chemicals. Carcinogenic activity in rats and mice was expressed as the frequency of tumor-bearing animals per pumole of compound administered per kilogram body weight. This was compared with mutagenic activity in the L5178Y TK+'-TK(7' mouse lymphoma system in the presence of rat liver fractions, expressed as number of TK-'-mutants per cell per ,umole-hr/mL. An approximately linear relationship was obtained over a 105-fold range in activity.
Hsieh et al. (69) compared the rat liver microsome-mediated mutagenicities of aflatoxin B1 and several structural analogues with their potency as hepatocarcinogens in several animal species. A good parallelism was found although the carcinogenicity indices were not calculated. Nagao et al. (70) tested 31 N-nitrosamines, either structurally or metabolically related to N-n-butyl-N-(4-hydroxy-nbutyl)nitrosamine or to N,N-di-n-butylnitrosamine, in the Salmonella/microsome mutagenicity assay, using a testing procedure whereby the compound and a 9000g supernatant from PCB-treated rats were preincubated 20 min in the presence of S. typhimurium strains TA 100 and TA 1535 and then plated. The authors concluded that the mutagenicities of these compounds were not related quantitatively to their potencies as carcinogens.
Langenbach et al. (43) assayed a series of ,-oxidized derivatives of N-nitrosodi-n-propylamine for mutagenicity in two systems: (1) liquid incubation assays in the presence of S. typhimurium TA 1535 and hamster liver homogenate, and (2) Chinese V79 hamster cells cocultivated with freshly isolated hamster hepatocytes. The mutagenic activity of the four nitroso compounds correlated better with their carcinogenic activity in the hamster in assay (2) than in assay (1) . In another study, several hydrazine derivatives were tested both in the Salmonella/ microsome assay in the presence of rat liver fractions, and for the induction of DNA damage in liver or lung tissue in vivo by using an alkaline elution assay (71) . The authors concluded that the ability of the 12 compounds to induce lung tumors in mice was better reflected by the assay for DNA damage.
Coombs et al. (72) measured the liver microsome-mediated mutagenicity of 35 polycyclic hydrocarbons (derivatives of cyclopentaphenanthrene and chrysene) using Aroclor-pretreated rats and S. typhimurium TA 100 strain. These results were compared with data on carcinogenicity obtained from skin painting experiments in mice and expressed as Iball index: (percentage tumor incidence x 100) mean latent period in days. The authors reported little quantitative correspondence between carcinogenic potency and mutagenic activity. Huberman and Sachs (73) , however, using a cell-mediated mutagenicity assay with Chinese hamster V79 cells cocultivated with lethally irradiated rat embryo cells for metabolic activation, found that the carcinogenicity of 10 polycyclic hydrocarbons paralleled their mutagenicity, as measured by 8-azaguanine or ouabain resistance.
The discrepancies observed between studies in which metabolic activation was provided by cellfree systems and those in which cellular metabolic activation systems were used may be due in part to the fact that certain ultimate reactive mutagenic metabolites produced by rat liver microsomal systems in vitro may be different from those which are generated in cells (74) (75) (76) . This observation may explain the lack of correlation between the mutagenicities of five hydrocarbons assayed in the presence of a rat liver microsomal system and their carcinogenicities (expressed as Iball indices) on mouse skin (Table 7 aFrom Bartsch et al. (77) . bThe trans-dihydrodiols expected to be the metabolic precursors of "bay region" vicinal diol-epoxides were used in each case. These were the 3,4-diols derived from benz(a)anthracene and 7-methylbenz(a)anthracene and 7,12-dimethylbenz(a)anthracene, the 9,10-diol derived from 3-methylcholanthrene and the 7,8-diol derived from benzo(a)pyrene. cMutations to his + were estimated in Salmonella typhimurium TA 100, and the values have been taken from the ascending linear portion of the dose response curves.
dEstimated from Sephadex LH20 column elution profiles of hydrolyzates of DNA obtained from the skin of C57BL mice treated in vivo with a 3H-labeled polycyclic hydrocarbon (1 ,umole/mouse) for 19 hr.
'Iball indices for skin tumor formation in mice.
produce predominantly simple, mutagenic oxides, whereas cultured cells or cells in vivo can carry out a three-step activation process involving the sequential formation of epoxides, diols and diol-epoxides. The latter are now assumed to be the ultimate carcinogenic metabolites of polycyclic hydrocarbons (79, 80) . However, liver microsomes incubated with the appropriate diol precursor catalyse the formation of vicinal diol-epoxides. Differences in the pathways leading to intermediates that are mutagenic to S. typhimurium in vitro and the electrophilic metabolites known to bind to cellular macromolecules in vivo have also become apparent for certain aromatic amines, e.g., 2-acetylaminofluorene (AAF). Reactive esters like AAF-N-sulfate and N-acetoxy-2-aminofluorene, which are formed in vivo and in vitro, appear not to be involved in bacterial mutagenesis when N-hydroxy-AAF is incubated with rat liver postmitochondrial supernatant and S. typhimurium strains (81) . Such differences could profoundly influence any quantitative correlation between the bacterial mutagenicity and the carcinogenicity of certain aromatic amines.
In order to eliminate the vagaries of metabolic activation, ultimate reactive compounds that do not require enzymic activation and which are structurally related were compared qualitatively and quantitatively in several short-term tests (82, 83) . Reactive esters derived from N-hydroxy-2-aminofluorene were assayed for electrophilicity by reaction with methionine, for mutagenicity in S. typhimurium strains and in Chinese V79 hamster cells or for the induction of unscheduled DNA repair in cultured human fibroblasts (measured by incorporation of 3H-thymidine, followed by autoradiography). Overall, the data showed a general, qualitative correlation between induction of DNA repair, electrophilicity and carcinogenic activity of these esters. However, quantitative correlations among these activities were poor: the large difference observed in the carcinogenic potency of N-myristoyloxy-2-acetylaminofluorene (the most active carcinogen) and that of N-acetoxy-2-acetyl-aminofluorene (the least active carcinogen) was not reflected by the biological parameters measured in the in vitro systems.
In another study of direct-acting carcinogens (62) 
